Introduction and Summary of Findings
While radiation therapy has been standard of care for newly diagnosed glioblastoma for several decades, it only delays but does not prevent recurrence of these aggressive tumors. Therefore, the identification and targeting of factors allowing glioblastoma cells to escape the deleterious effects of radiation is essential to allow this therapeutic modality to fulfill its potential. In an elegant study published in 2010, the Brown lab reported that irradiation induces recruitment of bone marrow-derived cells (BMDCs) into glioblastoma to form blood vessels de novo, a process defined as vasculogenesis, in contrast to angiogenesis which involves the remodeling of existing vessels in the tumor bed .1 In that study, pharmacologic inhibition of HIF-1 or of the interaction between the chemokine stromal derived factor-1 (SDF-1, CXCL12) and its receptor CXCR4 prevented the influx of BMDCs, primarily CD11b + myelomonocytes, and the development of functional tumor vasculature after radiation, resulting in abrogation of tumor regrowth. 1 Now, in a follow-up study entitled "Blockade of SDF-1 after irradiation inhibits tumor recurrences of autochthonous brain tumors in rats" published in this issue of Neuro-Oncology 2 , Liu and colleagues from that same group sought to improve upon limitations previously reported when they 1 and others 3 targeted the SDF-1/CXCR4 interaction using the small molecule CXCR4 inhibitor plerixafor (AMD3100). Specifically, the authors noted that endothelial cells in tumors like glioblastoma express high levels of CXCR7, the more recently discovered second receptor for SDF-1. 4 Of note, besides its blockade of CXCR4, plerixafor is actually an allosteric agonist of CXCR7, 5 which can signal through b-arrestin and may activate the endothelium leading to increased invasiveness of cancer cells. 6 The authors therefore investigated combining radiation therapy with NOX-A12, 45 L-enantiomeric RNA nucleotides which form a structural scaffold that recognizes SDF-1 with high affinity and thus efficiently blocks the chemokine's interaction with CXCR4 and CXCR7 ( Figure 1 ). They showed that NOX-A12 inhibits SDF-1 dependent chemotaxis of CXCR4 myelomonocytes and SDF-1 dependent CXCR7 internalization in endothelial cells.
NOX-A12 also inhibits SDF-1 dependent migration of endothelial cells. Rats treated in utero with the carcinogen ethylnitrosourea (ENU) begin to die of brain tumors from approximately 120 days of age. The authors delivered a single dose of whole brain irradiation (20 Gy) on day 115 of age and began treatment with NOX-A12 immediately following irradiation and continued with either 5 or 20 mg/kg for 4 or 8 weeks, doses and times equivalent to well tolerated human exposures. The authors found a marked prolongation of rat lifespan that was dependent both on drug dose and duration of treatment. When treating tumors only when they were visible by MRI, the authors demonstrated complete regression of the tumors with combined treatment that was not achieved by radiation alone or with the addition of temozolomide to radiation.
Where do we go from here?
In terms of follow-up mechanistic questions, it will be important to determine the specific contribution of myelomonocytes to the vessels formed by vasculogenesis. Do these cells provide nutritional support for endothelial cells the way pericytes do, or do they produce extracellular matrix scaffolding that supports vessel stabilization? The individual roles of endothelial cells versus myelomonocytes in the vasculogenesis that this group previously showed to drive revascularization after radiation in glioblastoma could be investigated by specific inhibition of myelomonocyte receptor CXCR4 using specific inhibitor plerixafor and endothelial cell receptor CXCR7 using specific inhibitor CCX2066. Further studies will also be needed to determine the spatial distribution of these two cell types, which could vary because the spatial heterogeneity of glioblastoma will create varying degrees of factors stimulating vasculogenesis, most notably hypoxia and the subsequent HIF-1a expression that the authors show to play an important role in vasculogenesis.
Other follow-up studies could aim to render these findings more translational. Because glioblastoma patients are typically treated with fractionated external beam radiation therapy, 7 it remains unclear if fractionated focal radiation will produce the same degree of SDF-1 upregulation noted after a single fraction of whole brain radiation used in this study. Furthermore, the contribution of vasculogenesis to tumor growth in humans remains unclear, with a study of cancers removed from patients who had undergone prior bone marrow transplantation suggesting minimal contribution to the tumor endothelium, although marrow-derived myelomonocytes in the vasculature were not assessed. 8 Use of 
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Neuro-Oncology 16(1), 4 -6, 2014 doi:10.1093/neuonc/not233 Fig. 1 . Dual receptors lead to dual functions of SDF-1 (CXCL12) in glioblastoma vasculogenesis after radiation therapy. Irradiated tumor cells secrete SDF-1, which binds CXCR4 expressed by marrow-derived myelomonocytes and CXCR7 expressed by marrow-derived endothelial precursors, which together participate in vasculogenesis.
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Neuro-Oncology 5 patient specimen-derived xenografts 9 would also improve the translatability of these findings relative to cell line models. Furthermore, it will be worth investigating whether NOX-A12 disrupts SDF-1 production by other cellular sources beyond tumor cells given the recent finding that endothelial cell secretion of SDF-1 recruits glioblastoma tumor-initiating cells (TICs) to the perivascular niche. 10 The applicability of the findings of Liu et al to the different molecular subtypes of glioblastoma will also warrant further investigation. Recent studies have suggested that resistance to radiation can be driven by microglia-secreted NF-kB promoting a transition to a mesenchymal subtype of tumors with more CD44+ TICs 11 and with more expression of the receptor tyrosine kinase c-Met, 12 features which have been shown to drive radiation resistance. The ability of radiation therapy to upregulate SDF-1 across molecular subtypes and whether SDF-1-mediated vasculogenesis interacts with c-Met and TIC-driven radiation resistance in mesenchymal tumors warrants further investigation.
Glioblastomas progress even after adjuvant therapy with VEGF inhibitors such as bevacizumab, 13, 14 as confirmed in two recently completed randomized phase III clinical trials in newly diagnosed glioblastoma in North America and Europe. In several studies, tumor progression after bevacizumab therapy has been associated with higher levels of SDF-1 and CXCR4. 15, 16 Per the report of Liu et al, the authors are currently investigating the relationship between anti-angiogenic therapy and changes in SDF-1 and CXCR4 using the C6 tumor implanted intracranially. If a role of SDF-1 in revascularization after anti-angiogenic therapy is confirmed, future studies could determine the effect of VEGF inhibitors, such as bevacizumab, in combination with NOX-A12 after radiation.
Conclusion
The current study by Liu et al continues the excellent series of studies from the Brown lab characterizing the role of vasculogenesis in revascularization after radiation of glioblastoma. Because NOX-A12 is currently in phase II studies with chronic lymphocytic leukemia (CLL) and multiple myeloma (MM), once the role of SDF-1 stimulation of CXCR4 and CXCR7 in driving revascularization after radiation has been verified, translating their findings into a clinical trial should prove feasible. Radiation and pharmacologic therapy remain the only two broad categories of treatments available to address the poor prognosis faced by glioblastoma patients. Efforts like the current study which seek to understand and overcome the mechanisms of resistance to these therapies will be essential.
